Brecht, Michael, Wolf Singer, and Andreas K. Engel. Correlation malian lines such as carnivores and primates, an enormous analysis of corticotectal interactions in the cat visual system. J. Neuro-expansion of neocortical processing centers has taken place. physiol. 79: 2394-2407, 1998. We have studied the temporal relation-In these species, the thalamocortical system has become the ship between visual responses in various visual cortical areas [17, 18, (Schneider 1969), lesions to the SC oscillatory modulation. In these cases, oscillation frequencies covered result in a severe visual neglect, and these attentive deficits a broad range, the majority being in the alpha-and beta-band. On are generally much more devastating than the behavioral average, significant center peaks in cross-correlograms had a modula-consequences of similar-sized lesions to any cortical area. tion amplitude of 0.34. Our analysis revealed a considerable intertrial Given these facts, the interaction between visual cortex and variability of correlation patterns with respect to both correlation SC is an important issue for understanding functional inte- the projection neurons correspond to a homogeneous group terns resemble in many ways those described among areas of the visual cortex. However, the correlations observed are weaker than of large layer V pyramidal neurons, the electrophysiological those between nearby cortical sites, exhibit usually broader peaks and properties of which have been studied in considerable detail for some cortical areas show consistent phase-shifts. Corticotectal (Connors and Amitai 1995; Kasper et al. 1994). In striate correlations represent population phenomena that reflect both the local cortex, these corticotectal projection neurons are binocular and global temporal organization of activity in the cortical and collicu-and have receptive fields of the complex or special-complex lar network and do not arise from purely monosynaptic interactions. type (Palmer and Rosenquist 1974) . Feedback from the SC Our findings show that both striate and extrastriate inputs affect the to cortical areas is provided via the thalamus. This indirect superficial SC in a cooperative manner and, thus, do not support the projection originates from the superficial SC layers and is view that responses in the superficial SC depend exclusively on input relayed to the cortex via the tectorecipient zone of the pulvifrom the primary visual areas as implied by the concept of ''two nar and the C layers of the lateral geniculate nucleus corticotectal systems.'' We conclude that the corticotectal projections (Graham and Casagrande 1980; Graybiel and Berson 1980) . These studies have shown that cortical input contributes to the major visual processing center. However, in some mam-2394 0022-3077/98 $5.00
in these species. Data from cats and monkeys indicate that formed in one or several visual cortical areas and the SC of anesthethe SC subserves important integrative functions, which are tized paralyzed cats, and visually evoked multiunit responses were carried out under strong cortical influence. For example, in subjected to correlation analysis. Significant correlations occurred in 117 (24%) of 489 cortex-SC pairs and were found for all cortical cats (Sprague and Meikle 1965), monkeys (Albano et al. areas recorded. About half of the significant correlograms showed an 1982), and rodents (Schneider 1969) , lesions to the SC oscillatory modulation. In these cases, oscillation frequencies covered result in a severe visual neglect, and these attentive deficits a broad range, the majority being in the alpha-and beta-band. On are generally much more devastating than the behavioral average, significant center peaks in cross-correlograms had a modula-consequences of similar-sized lesions to any cortical area. tion amplitude of 0.34. Our analysis revealed a considerable intertrial Given these facts, the interaction between visual cortex and variability of correlation patterns with respect to both correlation SC is an important issue for understanding functional inte- and PMLS but high for areas 18 and PLLS. Analysis of the cortical cotectal projections from all visual cortical areas to the sulayers involved in these interactions showed that consistent temporal perficial SC laminae, with a subset of areas also projecting relationships between cortical and collicular responses were not re-to intermediate and deep SC layers (Harting et al. 1992 ; stricted to layer V. Our data demonstrate a close relationship between Segal and Beckstead 1984) . Although the axonal terminacorticotectal interactions and intracortical or intracollicular synchroni-tion zones of most visual areas overlap broadly with respect zation. Trial-by-trial analysis from these sites revealed a clear covari-to depth, there is a tendency of visual areas located further ance of corticotectal correlations with intracortical synchronization. away from primary visual cortex to project to progressively The probability of observing corticotectal interactions increased with deeper SC locations (Freeman and Singer 1983; Harting et enhanced local cortical and collicular synchronization and, in particual. 1992; Segal and Beckstead 1984) . In all cortical areas, lar, with interareal cortical correlations. Corticotectal correlation patthe projection neurons correspond to a homogeneous group terns resemble in many ways those described among areas of the visual cortex. However, the correlations observed are weaker than of large layer V pyramidal neurons, the electrophysiological those between nearby cortical sites, exhibit usually broader peaks and properties of which have been studied in considerable detail for some cortical areas show consistent phase-shifts. Corticotectal (Connors and Amitai 1995; Kasper et al. 1994) . In striate correlations represent population phenomena that reflect both the local cortex, these corticotectal projection neurons are binocular and global temporal organization of activity in the cortical and collicu-and have receptive fields of the complex or special-complex lar network and do not arise from purely monosynaptic interactions. type (Palmer and Rosenquist 1974) . Feedback from the SC Our findings show that both striate and extrastriate inputs affect the to cortical areas is provided via the thalamus. This indirect superficial SC in a cooperative manner and, thus, do not support the projection originates from the superficial SC layers and is view that responses in the superficial SC depend exclusively on input relayed to the cortex via the tectorecipient zone of the pulvifrom the primary visual areas as implied by the concept of ''two nar and the C layers of the lateral geniculate nucleus corticotectal systems.'' We conclude that the corticotectal projections (Graham and Casagrande 1980; Graybiel and Berson 1980) . convey temporal activation patterns with high reliability, thus allowing the SC evaluation of information encoded in the temporal relations Functional investigations of corticotectal interactions have between responses of spatially disseminated cortical neurons. As a been carried out in several species. Almost all of these studconsequence, information distributed across multiple cortical areas ies have focused on how either SC or cortex contribute to can affect the SC neurons in a coherent way.
the receptive-field properties of neurons in the respective other structure. Such experiments usually have examined the consequences of interfering with the activity of the different
structures by electrical stimulation, lesions, cooling, or pharIn most vertebrate species, the optic tectum constitutes macological manipulations (for review see Chalupa 1984) .
These studies have shown that cortical input contributes to the major visual processing center. However, in some mam-the general responsiveness, direction selectivity, and binocu-trodes from superficial layers of the SC and a number of visual cortical areas. Specifically, we have investigated cortilarity of collicular cells (Wickelgren and Sterling 1969) . Cortical cooling experiments in the cat have revealed differ-cal areas 17, 18, 21a, the postero medial lateral suprasylvian area (PMLS), and the postero lateral lateral suprasylvian ential effects of various visual areas on visual responses in different SC laminae. The primary areas were found to have area (PLLS). a stronger impact on more superficial SC layers, whereas input from suprasylvian areas seems to be critical for visual
responsiveness of deeper SC laminae (Ogasawara et al. 1984) . On the basis of these cooling experiments, it was Data were recorded from nine adult anesthetized cats. Anesthesia argued that striate and extrastriate cortex exert largely sepa-was induced with ketamine and xylazine (10 mg/kg and 2.5 mg/kg, respectively) and was maintained with a mixture of 70% rate and exclusive effects on the different SC laminae and N 2 O and 30% O 2 supplemented by halothane (0.6-1%). After that there are two largely independent corticotectal systems tracheotomy, the animal was placed in a stereotactic headholder. (Ogasawara et al. 1984) . Evidence is also available for tectal A craniotomy was performed, and the skull was cemented to a influences on cortical receptive fields. On the basis of cat metal rod. After completion of all surgical procedures, the ear and experiments involving SC lesions, it has been argued that eye bars were removed and the halothane was reduced to a level the colliculus exerts an inhibitory influence on extrastriate of 0.4-0.6%. After we had assured that the level of anaesthesia cortical neurons if these are activated by stationary or slowly was stable and sufficiently deep to prevent any vegetative reactions moving stimuli (Smith and Spear 1979 assemblies (Hebb 1949) and are thought to serve the represenfor a viewing distance of 1.14 m, which is where a tangent screen tation of both sensory stimuli and motor programs (Braitenberg was positioned. As landmarks of the animal's visual field, the 1978; Edelman 1987; Georgopoulos 1995; Palm 1990) . The optic disks and the areae centrales were plotted with a reversible dynamic association of cells into such functionally coherent ophthalmoscope. assemblies initially had been proposed to be achieved by jointly
Multiunit activity usually was recorded with two electrode arrraising the discharge rate of the cells participating in the assem-rays, one being placed into the SC and the other into a visual bly (Braitenberg 1978; Hebb 1949; Palm 1990) . As this can cortical area, corresponding to either area 17, 18, PMLS, PLLS, or 21a. In a few additional measurements, simultaneous recordings lead to superposition problems and precludes a rapid succession were made from the SC and two of the visual areas. Each array of different assemblies within the same population of neurons, consisted of two to five microelectrodes the spacing of which was it has been suggested that assemblies also could be formed by between 0.2 and 3 mm. The recorded signals were amplified, bandsynchronization of the discharges of the respective neurons, pass filtered, and fed through a Schmitt trigger to obtain TTL whereby the temporal precision of synchronization would have pulses, which signaled spike timing. The trigger threshold was to be in the millisecond range (von der Malsburg 1986). In adjusted to exceed the noise limit by at least twofold. Receptive agreement with this proposal of a temporal assembly code, fields were mapped onto a tangent screen, and the ocular domievidence from multielectrode recordings indicates that cells nance, the orientation tuning and the direction preferences of each distributed within and across cortical areas can synchronize multiunit cluster were assessed with hand-held stimuli. For quantitheir responses transiently and in rapidly changing constella-tative measurements, visual stimuli were projected onto the tangent screen via a computer-controlled optic bench. Typically, moving tions (for review see Engel et al. 1992 Engel et al. , 1997 ; Singer and Gray bars served as stimuli. Multiunit clusters with overlapping or 1995).
nearby receptive fields were activated with a single bar, whereas
The concept of temporal assembly codes and their hypocell groups with distant receptive fields were activated with two thetical role in cortical information processing has implicacoherently moving bars. In a few cases, computer-generated flowtions for the study of corticotectal interactions. Because the fields were presented on a 20-in. monitor. Responses were recorded cortical assembly codes are distributed and relational, the for ¢10 stimulus repetitions, and, if not specified otherwise, the information contained in such codes can be deciphered only data from such blocks of 10 trials were combined for analysis. by the tectum if not only spatial but also the temporal rela- at the 5% level, if the RMA exceeded 0.10, and if the shift predictor lyas method). Small lesions (electrode tip negative, 12 s DCcurrent, 12 mA) made after each recording penetration allowed the was flat, i.e., if it was not significantly modulated. Moreover, a correlogram was considered to indicate that the activity patterns reconstruction of the recording track. Cortical areas were determined based on the electrode coordinates according to the partiwere oscillatory if the largest satellite peak was significant at the 5% level. From the fitted functions we also determined the time tioning schemes of Tusa et al. (1981) and Updyke (1986) . The area 17/18-border was determined using additional histological shift of the largest peak relative to zero time lag, the peak width of the central peak at half height, and the oscillation frequency in criteria (Payne 1990) . SC laminae were classified according to Kanaseki and Sprague (1974) . case of oscillatory patterning. From these data, we calculated the percentage of recording pairs in which a significant correlation R E S U L T S was observed. For a given pair with significant interactions, the percentage of modulated correlograms was calculated as a measure Recording sites and pairs of the penetrance of the respective correlation.
The results reported here are based on recordings from Furthermore, we studied the general relation between corticotec-224 cortical sites and 215 collicular sites in the superficial tal correlations and other correlation patterns. Thus for each block SC laminae. The distribution of cortical recording sites of 10 stimulus repetitions, we compared the correlation patterns of across areas and layers is listed in Table 1 A. Of the 215 SC cortical and collicular cells, which showed a corticotectal correlasites, 138 were located in the stratum griseum superficiale, tion with the correlation patterns of units that did not engage in a and 33 in the s. opticum; 44 recordings could not be attribsignificant corticotectal interaction. In a small selection of cases, uted unambiguously to one of the two laminae. Corticotectal we assessed, in addition, the covariance of cortical and corticotectal synchronization on a trial-by-trial basis. This was performed in interactions were studied in 489 cortex-SC recording pairs. cases where we observed high firing rates, where the cortical cell Table 1B lists the locations of the cortical recordings in group was engaged in both strong cortical and corticotectal syn-such pairs and the number of pairs in which a significant chronization, and where the same stimulus had been presented ¢30 correlation was observed. In addition, we analyzed 178 retimes. If these conditions were met, we computed and fitted cortical cording pairs within the SC and 239 corticocortical pairs and corticotectal cross-correlograms for each individual stimulus that had been recorded simultaneously with the corticotectal presentation. The relation between cortical and corticotectal corre-response pairs. Table 1C summarizes the locations of these lation strength was then evaluated by regression analysis.
pairs and the number of pairs in which a significant correlaAt the end of each experiment, a lethal dose of sodium pentothal tion was observed.
was given, and the animal was perfused through the heart with warm saline followed by cold (4-8ЊC) fixative (4% paraformalde-General properties of corticotectal correlations hyde in phosphate-buffered saline). The brain was removed, froSignificant interactions were observed between all investizen, and cut in the frontal plane into 60-mm sections. These sections were alternatingly stained for cell bodies (Nissl) and fibers (Gal-gated cortical areas and the superficial SC layers. Of the 489 (82) 40 (12) 27 ( (18) 11 (7) 87 (47) 96 (16) 178 (100) Statistics of the data sample. A: distribution of cortical recording sites across visual areas and layers. B: distribution of corticotectal pairs. The numbers of pairs with significant correlation are given in parentheses. C: distribution of recorded cell pairs within cortex and within superior colliculus (SC). Numbers in parentheses indicate pairs with significant interactions. The histological boundaries of the postero medial lateral suprasylvian area (PMLS) were defined according to Updyke (1986) . The category ''area PMLS or the postero lateral lateral suprasylvian (PLLS)'' refers to recording sites that could not be further localized in the LS sulcus. cortex-SC pairs, 117 (24%) showed a significant correlation. tive of whether their responses exhibit similar ( Fig. 1) or different temporal structures (Fig. 2 ). Certain features of significant corticotectal interactions were independent of the area or layer of the cortical recording Figure 3A shows the distribution of the respective best modulation amplitudes (RMA; central peak amplitude disite, whereas others showed a systematic dependence. The former include the strength of the interactions, the depen-vided by offset) of correlograms for the different recording pairs. These RMA values were assessed from correlograms dence of interactions on receptive field overlap, the width of the center peaks, the incidence of oscillatory correlo-that were averaged over 10 successive stimulus presentations. The average of these maximal RMA values was grams, the oscillation frequencies, and the variability of the correlations. In contrast, the incidence of correlations and 0.55 { 0.23 (mean { SD). If averaged over all correlograms, the mean RMA was 0.34 { 0.17. Much stronger the phase relationships of corticotectal interactions did depend on cortical areas and layers. We shall first describe the RMAs were observed in single, nonaveraged correlograms (see also Figs. 4 and 7). The incidence of corticotectal correinvariant features.
B. Distribution of corticotectal pairs according to cortical sites
Figures 1 and 2 show examples of corticotectal correlo-lations depended strongly on the overlap of the receptive fields of the respective units. As depicted in Fig. 3B , signifigrams together with the autocorrelograms of the respective responses. The examples demonstrate that corticotectal cor-cant corticotectal correlations occurred 2.5 times more often for cases in which cortical and SC units had overlapping relations can occur between cortical and SC units irrespec- FIG . 2. Example of a nonoscillatory corticotectal interaction. A: data are from a measurement where we recorded simultaneously from the SC (s. griseum superficiale) and area 18 (supragranular layers). B: schematic plot of the receptive fields for the 2 recording sites. Fields were nonoverlapping, but the cells were activated with a single moving light bar. Circle, area centralis. C: cross-correlogram for the responses obtained in the SC and in area 18. D: autocorrelogram for the responses obtained at the SC recording site. E: autocorrelogram for the responses obtained at the area 18 recording site. Note that the autocorrelation functions indicate different dynamics for the cortical site (oscillation in the gamma-range) and the SC site (modulation in the alpha-range). Black continuous line superimposed to the correlograms represents the generalized Gabor function that was fitted to the data. w, phase shift of the Gabor function.
/ 9k28$$my08 05-06-98 16:37:56 neupa LP-Neurophys ation of the oscillatory patterning in the summed correlograms. Fig. 4 shows that trial-by-trial variability also was found for the strength and phase shift of corticotectal correlations. It is, thus, difficult to assess the precision of synchronization from the averaged correlograms and to establish relations between the precision of synchronization and oscillatory patterning. Comparison of the widths of the center peaks in oscillatory and nonoscillatory correlograms revealed no difference.
Regional variation of corticotectal correlation patterns within superficial SC
When pooled over all cortical recording sites, the corticotectal correlation patterns did not differ significantly between the two superficial collicular laminae, the s. griseum superficiale (SGS), and the s. opticum (SO). Neither the incidence (SGS: 21%; SO 23%; P Å 0.76) nor the average RMAs (SGS: 0.37; SO: 0.32; P Å 0.17), the oscillation frequencies (SGS: 16 Hz; SO: 17 Hz; P Å 0.69), or the phase shifts (SGS: 1.8 ms time lag to cortex; SO: 3.9 ms time lag to cortex; P Å 0.28) distinguished the two laminae. An interesting finding in this context is that significant correlations existed between area 17 and both SGS and SO despite the fact that the corticotectal projection from area 17 (unlike the projection from the other recorded areas) is largely con- The cat SC contains a substantial representation of the i.e., the ratios of peak amplitude over the offset of the correlogram. B:
overlap dependence of the interactions. Plot compares the incidence of ipsilateral visual field. These ipsilateral responses are mesynchrony for corticotectal pairs with overlapping and nonoverlapping re-diated mainly by corticotectal projections and depend litceptive fields (RFs), respectively. ** Significance level of P õ 0.001. C: tle on direct retinal inputs ( Antonini et al. 1978 ) . Compardistribution of center peak widths (measured at half height) of the cortico-ing corticotectal correlation patterns between the ipsi-and provide indications for the influence of shared direct retinal input to both cortex and SC. Unlike primary visual areas, extrastriate areas PMLS and PLLS also contain a receptive fields than for recording pairs with nonoverlapping substantial ipsilateral visual field representation. We fields. The distribution of center peak widths of the respectherefore restricted our comparison to interactions betive best correlograms is displayed in Fig. 3C . The majority tween these lateral suprasylvian ( LS ) areas and sites in of peaks were broad with an average width at half height of the SC. In 74 of these SC-LS pairs, the SC unit had an 51 ms.
ipsilateral and in 188 of these pairs, a contralateral reCorrelograms of corticotectal correlations often exhibceptive field. The corticotectal correlation patterns of the ited at least one significant satellite peak on either side of two populations were indistinguishable. The incidence the center peak. According to this criterion, 49% of the ( SC fields contralateral: 26%; SC fields ipsilateral: 31%; significant correlograms were considered to be oscillatory. P Å 0.42 ) , average RMAs ( SC fields contralateral: 0.35; As shown in Fig. 3 D, these oscillations covered a broad SC fields ipsilateral: 0.33; P Å 0.60 ) , the average oscillafrequency range ( 5 -79 Hz ) . The majority of oscillations tion frequencies ( SC fields contralateral: 15 Hz; SC fields were in the alpha-range and the mean frequency averaged ipsilateral: 17 Hz; P Å 0.46 ) , and the average phase shifts over all correlograms was 19 Hz. Except for the few cases ( SC fields contralateral: 4.3-ms delay to cortex; SC fields of high-frequency oscillations ( ú50 Hz ) that were reipsilateral: 4.6 ms delay to cortex; P Å 0.88 ) were very stricted to interactions between areas 17 and 18 and the similar across both visual field representations. SC, oscillation frequencies did not differ across cortical areas. In most cases, correlograms rated as oscillatory showed only one satellite peak on either side of the center Layer-dependence of corticotectal correlations peak, indicating that the oscillation frequencies were not stable over time. Accordingly, much stronger oscillations Histological reconstruction allowed localization of 352 of the cortical recording sites to either layers II/III, layer IV were apparent in correlograms computed from individual responses than in correlograms averaged over several or layer V (see Table 1B ). The analysis of the layer specificity of corticotectal interactions shows clearly that these stimulus presentations. As illustrated in Fig. 4 , both the probability of occurrence and the frequency of the oscilla-are by no means confined to layer V, where corticotectal projection neurons are located. To our surprise, none of the tions varied from sweep to sweep and this led to an attenu-/ 9k28$$my08 05-06-98 16:37:56 neupa LP-Neurophys Because of noise not all responses showed, according to our criteria, a significant modulation. However, in most single-trial cross-correlograms there was some indication of a center peak. In the significantly fitted cases, the oscillation frequency of the correlogram varies between 9 and 16 Hz. Note that in many of the individual trials, substantially stronger oscillations are evident than in the averaged correlograms. Where present, the black continuous line superimposed to the correlograms represents the generalized Gabor function that was fitted to the data. w, phase shift of the Gabor function.
27 recording pairs involving putative layer V units actually Corticotectal correlation patterns recorded in layers II/III and layer IV, respectively, are compared in Fig. 5 . Neither showed a significant corticotectal correlation. In part, this can be explained by the fact that, for the majority of pairs the incidence (Fig. 5A ) nor the strength (Fig. 5B ) of corticotectal correlations differed between these layers. However, involving layer V cells, the cortical site was located in area 17 for which the incidence of corticotectal correlations was differences between the layers were noted with respect to the time shifts of the respective interactions (Fig. 5C ). generally low (see next section).
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Whereas the discharges of layer II/III neurons were found were recorded to a large extent in different experiments and that therefore differences between experimental sessions to precede the SC activity on average by 2.7 ms, the firing of layer IV cells was, on average, 4.1 ms delayed with respect to could have affected our conclusions about areal differences.
However, the inspection of data in which we recorded the that of the SC units. These differences were statistically significant, but it should be noted that the number of layer same areas in multiple experiments did not indicate such a bias. IV cases was rather small (n Å 12). Moreover, it must be emphasized that most corticotectal correlation peaks were
The incidence of corticotectal correlations varied substantially across cortical areas (Fig. 6) . The percentage of cells rather broad compared with the earlier described differences in the time shifts of the different cortical layers.
engaging in a corticotectal correlation was much lower in areas 17 and PMLS than in areas 18 and PLLS (Fig. 6A) . For pairs showing significant interactions, the penetrance of Interareal differences in corticotectal interactions the correlation (i.e., the percentage of response epochs in Corticotectal correlations were found for all investigated which the correlation actually appeared for a given pair of cortical areas: areas 17, 18, PMLS, PLLS, and 21a (Table multiunit recordings) showed a distribution similar to that 1B). Because only very few cortical recording sites were of the incidence. The penetrance of corticotectal correlations located in area 21a, this area is excluded from the following was lowest for area 17, higher for areas PMLS and 18, and comparison. It should be noted that different cortical areas strongest for area PLLS.
The incidence of corticotectal correlations reflects the functional subdivision of cat extrastriate cortex. Different authors (Tusa et al. 1981; Updyke 1986 ) disagree on the exact location of the boundaries between areas PMLS and PLLS in the LS sulcus, but there is agreement that the receptive-field properties are very similar in both areas. Based on analysis of retinotopy, Tusa and coworkers (1981) suggested that the PMLS/PLLS boundary is located in the middle of the LS fundus, whereas Updyke (1986) proposed that area PMLS extends throughout the whole fundus and that area PLLS is restricted to a more lateral position in the bank of the LS sulcus. In our study, the incidence of corticotectal correlations was low (14%) for recordings that, according to both partitioning schemes, were located in area PMLS, but was significantly higher (35%) for recordings located in area PLLS. In the lateral part of the LS fundus (area PLLS according to Tusa et al. (1981) , area PMLS according to Updyke) , the incidence of corticotectal correlations was 17% and, thus, significantly lower than in the putative PLLS recordings. Therefore our data support the partitioning scheme of Updyke.
In contrast to incidence and penetrance, the strength of corticotectal interactions did not differ across areas, i.e., the distributions of the relative modulation amplitudes of significant correlograms were very similar (Fig. 6B) . The same was true for the distribution of oscillation frequencies in correlograms with significant side peaks (data not shown). However, the average phase relationships between cortical and collicular discharges differed for the various cortical areas (Fig. 6C) . The position of the correlogram peaks indicated that cells in areas 17 and 18 fired, on average, simultaneously with superficial SC cells. In contrast, PMLS and PLLS cells discharged, on average, 4-5 ms before the SC units. In our experiments, we usually recorded from more than of response epochs in which a correlation appeared for pairs with significant one recording site in the SC as well as in the cortex. This interactions) did not differ between cortical layers II/III and IV, respectively. B: synchronization strength. Distribution of the RMAs of corticotec-allowed us to address the question to which extent corticotectal correlations did also not differ across cortical layers. C: phase relation-tal interactions covaried with the cooperativity among colliships. Time shifts of corticotectal interactions differed across cortical layers. cular or cortical cells. In four selected cases, we studied the Supragranular layers showed an average phase lead over the SC of Ç2.5 trial-by-trial covariance of intracortical synchronization and ms, whereas cortical layer IV was lagging on the average 4 ms behind the SC. *P õ 0.05; n.s., not significant. cortical synchronization was substantially higher than that of corticotectal interactions. In three (Fig. 7, A-C) of the four cases, there was a significant positive correlation between the strength of intracortical and corticotectal synchronization (average correlation coefficient R 2 Å 0.131). However, the degree of covariance between the intracortical and the corticotectal synchronization varied substantially between these samples.
We also investigated to what extent the occurrence of correlations between a particular pair of corticotectal recording sites was associated with correlations in another corticotectal pair, with local correlations within SC or cortex, and with correlations between different cortical areas. These analyses were performed over the whole set of averaged data, i.e., for correlograms computed from blocks of 10 stimulus presentations. The results indicate that neurons, if they exhibit significant corticotectal interactions, also have a high probability of synchronizing with neurons at other cortical or tectal recording sites (Fig. 8) .
Thus a cortical cell cluster that engaged in a significant interaction with a SC cell group had a high probability of FIG . 7. Covariance of cortical and corticotectal correlations across individual trials. For each response epoch, the RMA computed for the also exhibiting a significant correlation with another SC recorticotectal interaction was plotted against the RMA of the respective cording site. In contrast, cortical cells not engaging in a intracortical interaction, and a regression line was calculated. Note that corticotectal interaction generally had a very low probability many entries coincide at the origins of the graphs. A : interaction of an of synchronizing with a second, randomly chosen SC cluster area 18 cell cluster with a 2nd area 18 cell group and with a cluster in the SC. Data are from 30 stimulus repetitions. B -D : covariance of (Fig. 8A) . Similarly, collicular cells engaging in a correlainteractions of an area PLLS cell group with a 2nd PLLS recording tion with one cortical cell cluster had a high probability of and with a cell cluster located in the SC. Numbers of trials were 80 being correlated with other cortical sites, whereas SC units ( B ) , 60 ( C ) , and 30 ( D ) , respectively. Note the large variability of not engaging in a correlation with a randomly chosen cortical interaction strength across trials and that the corticotectal correlations cell group also had a low probability to engage in correlatended to be substantially weaker than local cortical interactions. In these examples, all cortical recordings were made from supragranular tions with other cortical sites.
layers. Collicular recordings were made from the s. griseum superficiale As shown in Fig. 8B , collicular cells engaging in a cortico-( SGS ) in the cases shown in A, C, and D and from the SO in the tectal correlation also showed an approximately twofold measurement illustrated in B . R 2 , correlation coefficient between cortihigher probability of synchronizing with collicular cells at cotectal and cortical RMAs. P, probability that cortical and corticotectal RMAs are independent.
another site than SC cells not engaging in a corticotectal / 9k28$$my08 05-06-98 16:37:56 neupa LP-Neurophys correlation. The same relation holds for cortical cells. Corti-sites as compared with cells showing no corticotectal interaction. cal neurons involved in corticotectal correlations had a twofold higher probability to be correlated with other cortical
For an area 17 cell group engaging in a corticotectal correlation, the probability of also synchronizing with cells in PMLS or PLLS was sevenfold higher than for area 17 cells not engaging in a corticotectal interaction. Likewise, LS units exhibiting significant corticotectal correlations also had a higher probability to engage in interareal synchrony with other cortical recording sites (Fig. 8C) . Although the data sample used for covariance analysis between interareal and corticotectal interactions is small for technical reasons, statistical analysis showed that these effects are highly significant. One of the cases with simultaneous recordings from two cortical areas and the SC is illustrated in Fig. 9 . Here, the phase relationships of the respective correlation patterns also point to an involvement of interareal synchronization in the generation of significant corticotectal interactions. The PLLS recording site leads 17 ms over the SC and leads 6 ms over area 17, whereas area 17 leads 11 ms over the SC; thus the phase relationships are consistent with the hypothesis that spikes that are correlated between the two cortical areas also contribute to the corticotectal correlations of the respective units. This observation, in particular, suggests that cortical interareal synchrony might play an important role in the establishment of corticotectal correlations.
Oscillatory activity and corticotectal correlations
Studies on neural synchrony within visual cortex suggest a close relation between oscillatory activity and cortical longrange synchronization (König et al. 1995). As described above, about half of the significant corticotectal interactions were classified as oscillatory. To examine the relation between oscillatory activity and the probability of corticotectal correlations, we determined whether cortical cells involved or not involved in corticotectal interactions differed in the oscillatory patterning of their responses. As illustrated in Fig. 10A , oscillatory responses were 3.5-fold more frequent in cortical cell clusters engaging in correlations with the SC than in cortical cell groups not involved in such interactions. For SC cells, however, this relation was less pronounced (Fig. 10B) . SC cells involved in corticotectal interactions showed only a slightly higher incidence of oscillatory autocorrelograms than SC units not engaging in corticotectal correlations. FIG . 8. Incidence of local and long-range correlation patterns for cells engaging (light gray columns) or not engaging (dark gray columns) in corticotectal interactions. A: covariance of corticotectal interactions. Left: for cortical cells not engaging in corticotectal interactions, there was a much lower probability of finding a corticotectal correlation with an additional randomly chosen SC cell group than for cortical cells that did engage in a corticotectal interaction. Right: similarly, the incidence of additional corticotectal interactions was higher for SC cells already involved in such interactions. B, left: for SC cells not engaging in corticotectal interactions, a much lower incidence of local synchronization within SC was observed than for SC cells involved in a corticotectal correlation. Right: simlarly, local cooperativity within cortex was related positively to the occurrence of corticotectal correlations. C: corticotectal correlations often were accompanied by interareal cortical synchronization. Left: corticotectal interactions were only observed for area 17 cells if these were involved in synchrony with a cell group in the suprasylvian (LS) cortex. Right: similarly, LS neurons also showed corticotectal interactions only if they were synchronized to area 17 neurons.
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05-06-98 16:37:56 neupa LP- Neurophys FIG . 9 . Example of a measurement where simultaneous recordings were made from the SC and 2 cortical sites, 1 located in area 17 (supragranular layers) and 1 in the extrastriate area PLLS (supragranular layers). A: position of the recording electrodes. SUPS, suprasylvian sulcus. B: plot of the receptive fields for all 3 recording sites. All fields were overlapping and, hence, the cells were activated with a single moving light bar. C: cross-correlogram for the responses obtained at the SC and at the PLLS recording site. Correlogram indicates a periodic coupling with an oscillation frequency of Ç11 Hz and shows a pronounced phase shift (w) of Ç17 ms, indicating a phaselag of the SC spikes. D: cross-correlogram for the responses obtained at the SC and the area 17 recording site. Correlation shows a time shift of Ç11 ms, again indicating a phase-lag of the SC spikes. Note that the phase shift is smaller than that observed for the PLLS-SC pair. E: cross-correlogram for the interaction between the 2 cortical cell groups in areas 17 and PLLS. As in C, the interaction occurs in the alpha-range (11 Hz). Shift of the correlogram peak indicates a phase-lead of the PLLS spikes. Note that the phase relations between the different recording sites are consistent with the idea that the spikes synchronized between areas 17 and PLLS are those that correlate with the collicular spikes. Black continuous line superimposed to the correlograms represents the generalized Gabor function that was fitted to the data.
In several instances, the correlograms of the corticotectal 0.719). Similarly, in cases where both cortical and collicular cell clusters showed significant interactions and both had interaction and the respective cortical and collicular autocorrelograms indicated that the correlated neurons were oscillat-oscillatory autocorrelograms, there was no significant correlation between cortical and collicular oscillation frequencies ing at the same or very similar frequencies. Interestingly, however, this was true only for a minority of cases. In gen-(R 2 Å 0.068; P Å 0.242). eral, oscillation frequencies of corticotectal cross-correlograms and of the respective cortical autocorrelograms (for D I S C U S S I O N cases in which both were flagged as oscillatory) were related only weakly (R 2 Å 0.107; P Å 0.006). Oscillation frequen-Comparison of corticotectal interactions with intracortical cies of corticotectal correlograms and the respective SC auto-and collicular correlation patterns correlograms (for cases in which both were oscillatory)
The results document that the temporal dynamics of cortishowed no significant relation at all (R 2 Å 0.004; P Å cotectal interactions share many of the properties described for neuronal interactions within and between visual cortical areas. Like the synchronization phenomena observed in cat and monkey visual areas (Eckhorn et al. 1988; Gray et al. 1989; Kreiter and Singer 1996; Livingstone 1996) , corticotectal synchronization also is associated often with a rhythmic modulation of neuronal firing, whereby synchronization strength and oscillation frequency vary considerably from one stimulus presentation to the next, and retinotopic proximity of the respective receptive fields is a major predictor of the incidence of synchronization. Corticotectal correlations exhibit on average a lower incidence and synchronization strength than local intraareal correlations in the visual cortex Gray et al. 1989 ), but resemble in this respect the cortical long-range interactions such as those FIG . 10. Incidence of oscillatory autocorrelation functions (ACFs) for cell groups that did (light gray column) or did not (dark gray column) occurring between different visual areas (Engel et al. 1991b ; engage in corticotectal interactions. A: in cortical cell groups involved in Nelson et al. 1992) or across the cerebral hemispheres (Engel corticotectal correlations, oscillatory firing patterns were strongly overrepre-et al. 1991a; Nowak et al. 1995) . In comparison with both sented. B: for collicular cells the association between oscillatory activity intra-and interareal cortical interactions, corticotectal correlaand corticotectal correlation was much weaker, but nonetheless significant. **P õ 0.001.
tions are characterized by broader correlation peaks and / 9k28$$my08 05-06-98 16:37:56 neupa LP-Neurophys slower oscillations frequencies. However, some authors also sawara et al. evaluated firing rates, whereas we analyzed spike timing. However, it should be noted that even in the have reported a large percentage of broad correlations in visual cortex (Arieli et al. 1995; Nelson et al. 1992 ; Nowak et al. data of Ogasawara et al., LS cooling had an effect on discharge rates of superficial SC cells. 1995). Generally, corticotectal interactions share properties of the synchronization phenomena observed within the SC of In contrast to the variations across cortical areas, we observed only a slight dependence of corticotectal interacanesthetized cats. In particular, the width of the correlation peaks and the oscillation frequencies observed in corticotectal tions on cortical layers. The abundance of corticotectal correlations in cortical layers II / III and IV indicates that correlograms were very similar to the corresponding parameters of intracollicular interactions in anesthetized cats (Brecht correlations among cortical and collicular responses are not restricted to monosynaptically connected neurons. et al. 1996) . However, it should be noted that in the SC of awake cats higher oscillation frequencies and sharper correla-Rather, it appears as if the whole cortical column is involved in the corticotectal synchronization process. The tion peaks predominate (unpublished observations), and it is therefore conceivable that the pattern of corticotectal correla-lack of significant corticotectal correlations in the pairs involving layer V cell groups was unexpected given the tions also is affected by the anesthesia.
fact that all corticotectal projection neurons reside in this layer. We attribute this result to the small sample size and Regional differences of corticotectal interactions to the fact that most of the recording sites located in layer V were in area 17, where corticotectal correlations were Corticotectal interactions differed for the various cortical areas, in particular with respect to their incidence and phase less common. Obviously, layer V cells must participate in the synchronization process, but our approach was not relationship. Quite unexpectedly, neurons in early visual areas (17 and 18) were found to discharge, on average, designed to study the specific role of this class of neurons.
These cells sample activity from all cortical layers, and synchronously with SC cells, whereas cells in extrastriate LS areas tended to lead in corticotectal correlations. Thus this is likely to account for the layer independence of corticotectal correlations. Corticotectal projection neurons the phase relations of corticotectal interactions do not reflect the presumed serial processing of retinal signals from pri-extend their apical dendrites up into layer I, and their extended basal dendrites reach into layer VI. Thus they mary to higher order cortical areas.
The comparatively low incidence and penetrance of corti-are the only cortical neurons the dendrites of which span all cortical layers ( Connors and Amitai 1995 ) . Moreover, cotectal correlations for area 17 neurons might be related to the fact that retinal afferents to area 17 responses are active conductances in the dendritic tree of these cells appear to boost excitatory postsynaptic potentials from predominantly of the X type (Hofmann and Stone 1971; Tretter et al. 1975) . In contrast collicular responses and distal dendrites ( Amitai et al. 1993; Stuart and Sakmann 1994 ) . Electrophysiological studies in cortical slices have responses in area 18 and the suprasylvian areas are mediated mainly by Y-and W-type afferents (Colby 1988 ; Hoffmann revealed that all corticotectal projecting cells show intrinsic burst response patterns ( Kasper et al. 1994; Wang and 1973) . The high incidence and penetrance of correlations between neurons in area PLLS and the tectum is in good McCormick 1993 ) and that they make essential contributions to a variety of rhythmic activities observed in such accordance with other lines of evidence pointing to a close functional relationship between area PLLS and the SC. Un-slices ( Connors and Amitai 1995 ) . We hypothesize that these morphological and biophysical properties of corticolike the other investigated cortical areas, area PLLS receives SC feedback via a strong projection from the tectorecipient tectal cells are particularly well suited to transmit responses of cortical cells to the colliculus, when these rezone of the LP-pulvinar complex (Raczkowski and Rosenquist 1983; Symonds et al. 1981) ; moreover many PLLS sponses are synchronized within the cortical column and oscillate in a frequency range that matches the resonance cells have visuomotor properties (Komatsu et al. 1983; Yin and Greenwood 1992) and lesions to this area lead to symp-properties of bursting layer V cells. toms similar to the severe neglect caused by SC ablation (Hardy and Stein 1988) . Interestingly, the incidence of corti-Mechanisms of corticotectal interactions cotectal correlations was substantially lower in area PMLS than in area PLLS. This is remarkable, because, given the Several arguments suggest that the corticotectal correlations observed in this study were due to population dynamgreat similarities of receptive-field properties, there was a lack of physiological evidence for a functional specialization ics rather than to common retinotectal input or simple serial excitation. Corticotectal interactions were not reof these two areas.
Our finding that responses in both striate and extrastriate stricted to monosynaptically connected pairs of collicular and cortical cells. Moreover, there were no differences in areas correlate strongly with responses of cells in superficial SC is in conflict with the view of two corticotectal systems corticotectal correlation patterns between SC sites representing the contralateral and ipsilateral visual field, rebut agrees with anatomic evidence that all visual areas project primarily to the superficial SC in broadly overlapping spectively. The ipsilateral SC responses depend little on monosynaptic retinal inputs but are mediated via a retinotermination zones (Harting et al. 1992; Segal and Beckstead 1984) . Ogasawara et al. (1984) proposed two largely inde-cortico-tectal loop involving the corpus callosum ( Antonini et al. 1978 ) . This makes it unlikely that corticotectal pendent and exclusive corticotectal systems, an extrastriate stream from the suprasylvian areas to the deep SC laminae correlations were due to shared retinal input. Synchronization via common retinal input is also unlikely because and another stream from areas 17 and 18 to superficial SC. One possible explanation for this discrepancy is that Oga-stimulus-induced oscillations of retinal neurons have a / 9k28$$my08 05-06-98 16:37:56 neupa LP-Neurophys much higher frequency than the oscillatory corticotectal in distributed cortical assemblies is available at the level of interactions ( Neuenschwander and Singer 1996 ) . The in-the SC. Corticotectal correlations reflect this patterning, and terpretation that corticotectal interactions arise from coop-their incidence depends crucially on the temporal coordinaerativity among large and for the most part only polysyn-tion of cortical responses. Thus corticotectal connections do aptically connected neurons in both SC and cortex also not only contribute to response properties in SC and cortex is supported by our triple recordings. These show that but carry also information about the temporal coordination corticotectal correlations depend on the degree of collicu-of cortical responses. This raises the issue of the functional lar or cortical cooperativity, suggesting that temporal co-significance of such temporal information. herence within cortex and within SC is important for esInformation processing in visual cortex often is conceptablishing corticotectal correlations. Finally, the differ-tualized as a sequence of serial operations that lead to the ences in the temporal patterning of cortical and collicular extraction and representation of feature constellations of responses, reflected by differences in the width of correlo-increasing complexity as one proceeds along the hierarchigram peaks and in oscillation frequencies, preclude a sim-cally arranged processing levels ( Barlow 1972 ) . At the ple scenario in which cortical cells force tectal neurons top of the processing hierarchy, a small number of highto adopt their dynamics.
level units is thought to provide an explicit representation The complexity of corticotectal interactions also is of the specific constellation of features characterizing inhighlighted by the observation that cells in SC and areas dividual objects ( in case of the ventral stream) or of the 17 -18 tend to discharge simultaneously, a fact that is hard location and spatial configuration of these objects ( in case to reconcile with a purely feedforward corticotectal signal of the dorsal stream) . Therefore, one should expect that transfer. One possibility is that recurrent loops via thala-only high-level cortical areas send information to the SC. mic structures such as the C layers of the lateral geniculate However, this is not the case. All visual cortical areas nucleus or the tectorecipient zone of the LP pulvinar-have massive corticotectal projections and thus influence complex contribute to corticotectal synchronization. An-tectal responses in parallel. This raises the question how other possibility is that extrastriate areas initiate cortico-the SC integrates and interprets the parallel output from tectal synchronization and in parallel entrain neurons in multiple cortical areas. We suggest that the temporal patareas 17 and 18. This is suggested by the fact that extrastri-terning of cortical responses serves to label the cortical ate neurons tend to fire earlier in corticotectal correlation output that the SC needs to integrate and evaluate jointly. patterns and that they are the ones most strongly involved Based on the present data, we assume that widely distribin these interactions. Moreover, it seems that area 17 cells uted cortical responses that have become synchronized are much more likely to engage in corticotectal correla-exert a stronger influence on collicular neurons and, hence, tions if they get synchronized to neurons in extrastriate on the control of attention and orienting movements than cortex. Taken together, these data indicate a prominent nonsynchronized responses. The strong dependence of role of tectocortical and corticocortical feedback for set-corticotectal interactions on local and long-range cooperating up efficient interactions between cortex and the SC. tivity at the cortical level could imply that the efficiency Studies on neural synchrony within visual cortex suggest of information transfer to the SC is regulated by the degree that oscillatory activity may facilitate the establishment of long-of synchronization among cortical neurons. range synchronization (König et al. 1995) . In accordance with
To fully appreciate the functional relevance of corticothis hypothesis, about half of the corticotectal cross-correlations tectal correlations, further data are required on the role were oscillatory, and corticotectal interactions often were asso-of temporal coding for sensorimotor transformations that ciated with cortical oscillations. However, despite of this trend, occur within the colliculus ( Moschovakis 1996; Stein and the weak or absent relation between cortical and tectal oscillaMeredith 1991 ) . It is known that multiple, spatially segretion frequencies shows that corticotectal correlations do usually gated visual stimuli lead to simultaneous activation of not occur as a uniformly synchronized oscillation across cortex overlapping neuronal populations in the SC ( McIlwain and SC. The establishment of corticotectal correlations seems 1991 ) . In the case of multiple stimuli, the synchronous to be less dependent on oscillatory activity than long-range firing of neurons within an assembly and the asynchronous synchronization at the cortical level where nearly all of the firing of cells belonging to different assemblies could concorrelograms have been found to be oscillatory (König et al. tribute to the selection of discrete, stimulus-specific motor 1995). Generally, the broad distribution of peak widths and responses from spatially nondiscrete collicular activity oscillation frequencies observed here compares to temporal patterns. The pattern of cortical synchronization could characteristics found in studies on interareal interactions in provide information about the outcome of scene segmentaawake animals (Bressler 1996; Roelfsema et al. 1997) . Howtion and could ever, it must be emphasized that due to the trial-by-trial frecontribute to define target related assemblies in the SC. quency variability, the incidence and strength of oscillations is Moreover, temporal coherence of selected cortical rehard to assess quantitatively. Analysis techniques based on sponses could enhance activity in the corresponding colliaveraging, such as the correlograms computed here, underesticular assembly but not the other. Both mechanisms, differmate the incidence of oscillatory patterning as the oscillations ential synchronization of simultaneously active collicular tend to average out.
assemblies and selective enhancement of responses of one Functional role of corticotectal correlations of the active assemblies, predictably bias and facilitate competition among these assemblies, a process that could Our results suggest that information about temporal patterns and, in particular, about synchronization of responses be crucial for collicular target selection.
